###### Significance of this study

What is already known about this subject?
=========================================

-   Diabetic subjects possess abnormal cutaneous microvascular function, which may induce and/or exacerbate microvascular disease and complications. The study of microvessels in diabetics has been constrained by the lack of suitable tools to visualize and quantify microvascular structure and function in vivo.

What are the new findings?
==========================

-   This is the first study that has directly visualized and quantified the function and structure of skin microvessels as small as \~30 µm in diabetic subjects and matched controls, both at rest and in response to physiological stimulation.

-   Optical coherence tomography (OCT)-derived measures provide more comprehensive skin microvascular hemodynamics compared to conventional techniques.

-   Our study illustrates the feasibility of an exciting and highly powerful new non-invasive imaging technique which can distinguish between patients and healthy controls and identify microvascular abnormalities that are disease severity specific in patients with diabetes.

###### Significance of this study

How might these results change the focus of research or clinical practice?
==========================================================================

-   For the clinician, the techniques we introduce in this study may prove useful for diagnosing early stages of microvascular disease in high-risk patients, in characterizing disease progression and in assessing the efficacy of therapeutic interventions. Future studies may be directed to longitudinally assess larger cohorts of patients and to determine the utility of OCT in risk stratifying the diabetic foot, predicting outcomes and instituting early treatment.

-   For scientists, using a combination of OCT assessment and simultaneous microdialysis delivery of specific pathway antagonist will allow pharmaco-dissection of individual pathways responsible for the regulation of cutaneous microvascular dysfunction/function in health and disease.

Introduction {#s1}
============

Diabetic foot disease and ulceration is a major complication of diabetes mellitus, with a lifetime incidence as high as 25%.[@R1] The incidence of diabetic foot disease and ulceration is increasing due to the high worldwide prevalence of diabetes, increasing obesity rates and the longer life expectancy of people with diabetes. In 2016, the global prevalence of foot ulceration in patients with diabetes was 6.3%,[@R2] with a lower limb amputation performed every 30 s.[@R3] This condition is also associated with high economic burden due to the presence of infection and other complications and high recurrence rates.[@R4]

Diabetic foot ulceration is a chronic severe complication of diabetes associated with neuropathy and/or arteriosclerotic peripheral vascular diseases in the lower limb,[@R6] alongside microvascular abnormalities.[@R7] There are two pathogenic theories pertaining to microvascular disease in people with diabetes; the 'capillary steal syndrome theory' and the 'hemodynamic hypothesis'. In the former, sympathetic autonomic neuropathy in the lower limb causes a loss of vasoconstrictor tone and subsequent alteration in blood flow which increases arteriovenous shunting[@R6] and reduces nutritive blood flow.[@R9] The 'hemodynamic hypothesis'[@R10] proposes that hyperglycemia promotes oxidative stress and cell damage, limits the production of nitric oxide (NO) and increases capillary pressure,[@R11] leading to adaptation and remodeling, thickening of capillary basement membranes, microvascular sclerosis and finally, limitation of hyperemia and loss of autoregulation.[@R8] Although debate continues regarding these theories of microvascular impairment in diabetes, abnormal cutaneous microvascular function and structure are a common and fundamental feature, which lead to further complications such as poor wound healing[@R8] and, in some cases, amputation. The visualization and quantification of microvascular structure and function is crucial to understanding pathophysiology as well as determining patient risk, disease progression and treatment efficacy.

Several methods have previously been proposed to assess the skin microcirculation in patients with diabetes, including capillary microscopy (CM),[@R14] transcutaneous oxygen pressure assessment (TcPO~2~),[@R14] laser Doppler flowmetry (LDF)[@R13] and laser Doppler imaging (LDI).[@R17] CM is usually limited to nail-beds in humans, while LDF provides an indirect and qualitative assessment of 'flux' and is not capable of visualizing or quantifying individual or regional microvascular anatomy or blood flow. LDI can resolve regional Doppler with a resolution of \~100 µm, however the vessels pertinent to skin microvascular health are much smaller (\~10--50 µm) and this technique does not visualize individual vessels or their density.[@R19] These techniques therefore possess serious limitations in their capacity to characterize skin microcirculatory structure and function and they have not been widely adopted.

Optical coherence tomography (OCT) is non-invasive ultrahigh-resolution optical imaging technique which is capable of visualizing and quantifying skin microvessels as small as \~30 µm in humans. In our recent studies, we have shown that OCT is capable of providing high-resolution images and accurate quantification of cutaneous microvessel structure and function, both at rest and in response to physiological stimulation (eg, responses to local heating).[@R20] The purpose of this study was to apply OCT in people with diabetes, with and without foot ulceration, and compare these responses to a healthy age and sex-matched control group. We hypothesized that OCT-based parameters would differentiate between control and diabetic subjects in terms of their skin microvascular structure and function.

Research design and methods {#s2}
===========================

Subject characteristics {#s2-1}
-----------------------

Patients with diabetes mellitus and a diagnosed foot ulcer (DFU group, n=13) were recruited and enrolled if they had a history of diabetes for more than 1 year and at least one current diabetic foot ulcer, or a history (\<3 months) of foot ulceration. Subjects with previous amputation distal to the metatarsals and/or foot deformity were included. All subjects required at least one palpable pedal pulse and/or an ankle-brachial pressure index of higher than 0.7 and/or a toe systolic blood pressure of greater than 70 mm Hg. Patients who had a history of endovascular treatment involving stenting or bypass grafting on their assessed leg were excluded from this study.

The diabetic group without foot ulcers (DNU group, n=10) were recruited and enrolled if they had a history of diabetes of more than 1 year and had never experienced diabetic foot ulceration. Pharmacotherapy, wound care, footwear and podiatric care of DFU and DNU groups were maintained, according to their current standard of care and each subject received follow-up irrespective of involvement in the study.

The control group were recruited from the community (CON group, n=13). They were screened to ensure that they were free from diabetes, cardiovascular, metabolic diseases and they were all non-smokers. One leg for each control participant was randomly selected for assessment. Subject characteristics are presented in [table 1](#T1){ref-type="table"}.

###### 

Subject characteristics

  ------------------------------------------------------------------------------------------------------
                                          CON\           DNU\           DFU\           P value\
                                          (n=13, 5♀8♂)   (n=10, 5♀5♂)   (n=13, 5♀8♂)   (one-way ANOVA)
  --------------------------------------- -------------- -------------- -------------- -----------------
  Age (year)                              60.8±10.9      68.2±8.1       59.8±9.7       0.11

  BMI (kg/m^2^)                           26.0±3.3       29.1±7.0       31.7±5.5\*     0.03

  Blood pressure (mm Hg)                                                               

   Systolic blood pressure                125±12         124±14         134±15         0.13

   Diastolic blood pressure               72.0±6         70±10          75±7           0.32

   Mean arterial pressure                 90±8           88±10          95±8           0.17

  Resting heart rate (beats per minute)   60±8           74±13†         73±10†         \<0.01

  Body temperature (°C)                   36.5±0.3       37.1±0.4†      36.9±0.5\*     \<0.01

  HbA1c (%)                               NA             7.9±1.3        8.4±2.1        0.54

  HbA1c (mmol/mol)                        (63.0±14.2)    (68.3±23.1)    0.54           

  Type of diabetes                                                                     

   DM type 1                              --             1              3              

   DM type 2                              --             9              10             

  Duration of diabetes (years)            --             18.4±8.2       23.6±11.2      

  Other medical condition/risk factors                                                 

   Hypertension                           1              2              9              

   Hypercholesterolemia                   0              5              8              

   History of cardiovascular diseases     0              1              3              

   History of cerebrovascular diseases    0              0              0              

   Current smoker; ex-smoker              0; 2           0; 5           0; 5           

  Medication                                                                           

   Insulin injection                      0              4              7              

   Non-insulin antidiabetic injection     0              2              2              

   Oral antidiabetic                      0              5              6              

   Antihypertension                       1              2              9              

   Antihypercholesterolemia               0              5              8              
  ------------------------------------------------------------------------------------------------------

Data are presented in mean±SD.

\*Significantly different from control group at p\<0.05.

†Significantly different from control group at p\<0.01.

ANOVA, analysis of variance; BMI, body mass index; CON, control; DFU, diabetic foot ulcer; DM, diabetes mellitus; DNU, diabetic non-ulcer; HbA1c, glycated hemoglobin; NA, not applicable.

Study design {#s2-2}
------------

The study was undertaken in a quiet and temperature-controlled room (23°C) in the Cardiovascular Research Laboratory, School of Human Sciences (Exercise and Sports Science), The University of Western Australia. All participants were studied at the same time of day (09:00--11:00). All participants were asked to fast or have a light breakfast at least 4 hours prior to testing. They all abstained from alcohol, chocolate, caffeine, tea and exercise for \>12 hours prior to testing. The skin site on the dorsum of the foot was shaved 24 hours before assessment so that microtrauma from shaving did not affect measurement. At the commencement of the test session, participant's demographic data were documented, including age, gender, height and weight.

The participants lay supine in semi-Fowler's position whereby the assessed leg was constrained within a custom-designed boot, supported by a customized foam pad. This aimed to minimize leg/foot movement during assessment. After participant positioning and placing the OCT/LDF probes, a 20 min quiet rest period was observed, with brachial blood pressure assessment obtained (Dinamap V100, GE Healthcare, USA). Body temperature (BT) was measured using an ear thermometer (MC-522, Omron Healthcare, Japan) prior to the local heating protocol. Immediately after OCT baseline images were obtained, a local heating disk (PF450, Perimed, Stockholm) which housed the OCT probe was heated at a rate of 1°C/10 s, from 33°C to 44°C. Once 44°C was attained, the heater disk and skin temperature were maintained at 44°C for a further 30 min,[@R22] whereupon the final postheating data were collected.

While OCT assessments were collected, simultaneous recordings of the cutaneous red blood cell flux were obtained using LDF. All assessments were obtained from a location immediately adjacent to the placement of the OCT probe, on the dorsum of the foot. Non-invasive blood pressure measurements were continuously recorded from the finger using a Finometer (Finapres NOVA, Amsterdam, the Netherlands).

Instrumentation and analysis {#s2-3}
----------------------------

### Laser Doppler flowmetry {#s2-3-1}

Red blood cell flux was measured on the dorsum of the foot using a 7 Doppler array laser probe (LDF, model 413, PeriFlux 5000 System; Sweden), with integrated thermostatic probe holder (PF450, Perimed), positioned adjacent to the OCT probe. OCT/LDF probe holders were affixed using double-sided adhesive rings. A skin temperature sensor (MLT409; ADInstruments, Bella Vista, NSW, Australia) was placed between the two thermostatic probe holders (OCT and LDF). Real-time flux signals were relayed and graphed via PowerLab onto a laptop running LabChart V.8 software (ADInstruments, Sydney, Australia) for offline analysis.

LDF-derived flux analysis at baseline and postlocal heating was performed across the same time period as that used to obtain the OCT images. Cutaneous vascular conductance (CVC) was calculated as LDF-derived flux in arbitrary perfusion units (PU), divided by mean arterial blood pressure (Finometer). Individual graphs were constructed by averaging the values of flux in 30 s bins from baseline until the end of the local heating period and the total local heating responses were calculated as area under the curve (AUC) from the beginning of rapid increase of skin temperature until the end of local heating period, as described above. Local heating responses for flux and CVC were also measured as percentage changes from baseline and postlocal heating.

### Optical coherence tomography {#s2-3-2}

OCT imaging was performed using a commercial imaging system (Telesto III, Thorlabs, Germany) with central wavelength of 1300 nm and an axial resolution of 5 µm in tissues (assuming refractive index of 1.43 for the skin).[@R24] Scanning was performed using a detachable imaging probe (LSM03, Thorlabs) with a lateral resolution of 13 µm. The probe was attached to a 5 df articulated arm and probe holder to minimize motion during scanning. A custom spacer was designed and fabricated using a 3D printer (Form 2, Formlabs, MA, USA), to ensure a standard distance between the imaging probe and skin surface. OCT imaging was performed through the central bore of a thermostatic probe holder (PF450, Perimed). A small drop of ultrasound gel was placed between the skin and a transparent square microscope coverslip (8×8 mm) attached to the thermostatic probe holder. This provided a flat imaging surface, eliminating imaging artifacts due to the surface shape of the subject's skin.[@R25]

OCT data were acquired over a field of view with dimensions of 5×5×2.5 mm (length × width × depth), at a sampling of 1000×5000×1024 pixels (X × Y × Z). The imaging light beam in OCT is weakly focused, providing high spatial resolution over a depth of focus of a few hundred microns. The OCT beam was set to assess cutaneous tissue to a depth of approximately 300 µm below the skin surface. This ensured that the appropriate vascular tissue was assessed. Individual OCT measurements (A scan) were acquired at a rate of 76 kHz and the total acquisition time was approximately 90 s. We found this acquisition time to be well tolerated by our subjects, with minimal movement artifact. The stack of A scans was collected and speckle decorrelation analysis performed. Further details of this image acquisition and analysis are described elsewhere.[@R20] In brief, the characteristics of the speckle noise are related to blood flow speed, with faster blood flow giving rise to more rapid fluctuations in the speckle noise. Speckle indicating blood vessels is automatically delineated from the surrounding static tissue using standard imaging processing techniques, with the speckle fluctuations providing an estimate of flow speed at each point. We calculated the average vessel diameter (units: microns) and average flow speed within vessels (units: microns per second) over the entire scanning field of view. We also computed the average flow in each vessel (units: picolitres/second). Finally, we computed an estimate of vessel density by generating a two-dimensional projection image of the blood vessels (shown in [figure 1](#F1){ref-type="fig"}) and quantifying the pixels that lay on a blood vessel as a percentage of the total 5 mm × 5 mm field of view.

![Representative OCT-derived images from CON (top: A, B), DNU (middle: C, D) and DFU (bottom: E, F) subjects at baseline (left) and during LH (right). Blood vessels are color coded to indicate flow speed (μm/s). The white scale bar represents 500 µm. CON, control; DFU, diabetic foot ulcer; DNU, diabetic non-ulcer; LH, local heating; OCT, optical coherence tomography.](bmjdrc-2020-001479f01){#F1}

Local heating responses of OCT-derived diameter, speed, flow and density are reported as percentage changes between baseline and postlocal heating (relative changes). Due to severe tremor during OCT scanning, images from one participant in DFU group were eliminated from OCT analysis.

Statistical analysis {#s2-4}
--------------------

Sample size calculation was based on the published data of Sandeman *et al*[@R26] which reported the difference in skin microvascular responses to local heating stimuli between three groups: non-insulin-dependent, insulin-dependent diabetic subjects and controls. Mean and variance data derived from this study were assessed using the formula of Hozo *et al*.[@R27] Assuming α=0.05 and β=0.8, the minimum number of subjects required to establish significance is 7 per group (G\*Power V.3.1.9.7).

Data are presented using graphing software (PRISM V.8.1, GraphPad, La Jolla, CA, USA). All data are reported as means±SD unless stated otherwise and statistical significance was assumed at p\<0.05. A two-way repeated measures analysis of variance (ANOVA) was performed to calculate differences between groups, before and after local heating (time factor), for both OCT and LDF outcome measures. If the significant interaction and/or main effects were detected, post hoc analysis by Fisher's least significant difference was performed to determine the differences between groups. One-way ANOVA analysis was performed between groups where data without a time factor (eg, baseline data) were compared.

Results {#s3}
=======

Participant characteristics {#s3-1}
---------------------------

There were no differences in age or blood pressure (systolic, diastolic and mean) between groups when one-way ANOVA was performed. However, body mass index was significantly different between groups (p=0.03), with post hoc tests revealing higher values in the DFU group compared with the CON group (p=0.010). Resting heart rate (RHR) and BT were significantly different between groups (all p\<0.01), with RHR and BT higher in DFU (RHR p=0.004; BT p=0.02) and DNU (RHR p=0.002; BT p=0.002) than CON. However, RHR and BT were within the normal range. Further details of participant characteristics are shown in [table 1](#T1){ref-type="table"}.

Baseline characteristics and the effects of local heating on LDF-derived parameters {#s3-2}
-----------------------------------------------------------------------------------

[Table 2](#T2){ref-type="table"} summarizes baseline characteristics and LDF responses to 30 min of local heating parameters in each group. There was a significant difference (one-way ANOVA) in foot skin temperature at rest between groups (p\<0.001), whereby the foot skin temperature in DFU\>DNU\>CON group (CON vs DNU p=0.005; CON vs DFU p\<0.001; DNU vs DFU p=0.002). There were no significant changes in blood pressure during local heating (time p=0.735; group p=568; time\*group p=0.516).

###### 

Cutaneous microvessel local heating responses using laser Doppler fluxometry (LDF-derived parameters)

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                   CON          DNU         DFU          ANOVA                                                                         
  -------------------------------- ------------ ----------- ------------ --------------------- ----------- --------- ----------- ----------- --------- ----------------------
  Flux (PU)                        33±13        171±38      \<0.001      28±17                 135±48†     \<0.001   35±18       135±36†     \<0.001   0.023 (two-way RM)\*

   % change flux                   498±237      482±243     380±262      0.427 (one way)                                                               

  CVC\                             0.34±0.15    1.80±0.48   \<0.001      0.31±0.17             1.52±0.56   \<0.001   0.37±0.20   1.45±0.34   \<0.001   0.067 (two-way RM)
  (PU·mm/Hg)                                                                                                                                           

   % change CVC                    513±238      472±263     389±273      0.457 (one way)                                                               

  MABP, finger\                    100.1±12.7   99.6±13.5   0.757        92.6±18               94.6±18.1   0.283     96.5±14     96±14       0.756     0.516 (two-way RM)
  (mm Hg)                                                                                                                                              

  Resting skin temperature (°C)    29.6±1.2     31.3±1.3†   33.1±1.4†‡   \<0.001 (one way)\*                                                           

  LDF heat unit temperature (°C)   33.1±0.3     44.0±0      \<0.001      33.0±0                44.0±0      \<0.001   33.3±0.5    44.0±0      \<0.001    

  OCT heat unit temperature (°C)   33.1±0       44.2±0      \<0.001      33.1±0                44.2±0      \<0.001   33.3±0.4    44.2±0      \<0.001    
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Data are presented in mean±SD. Two-way repeated measures ANOVA (p value indicated interaction between time\*group factors) was used to test the LDF-derived flux and CVC at baseline and at the end of local heating between groups, while % changes were tested using one-way ANOVA. Post hoc p values for baseline and local heating responses within groups are detailed in the columns.

\*Significantly different from control group at p\<0.05,

†Significantly different from control group at p\<0.01.

‡Significantly different from DNU group at p\<0.01.

ANOVA, analysis of variance; BL, baseline; CON, control; CVC, cutaneous vascular conductance; DFU, diabetic foot ulcer; DNU, diabetic non-ulcer; LDF, laser Doppler flowmetry; LH, local heating; MABP, Mean Arterial Blood Pressure; OCT, optical coherence tomography; PU, perfusion unit; RM, repeated measures.

We compared LDF-derived flux and CVC at baseline and following prolonged local heating using two-way repeated measures ANOVA. This revealed a significant main effect of time (p\<0.001) but no significant main effect for group (flux p=0.107; CVC p=0.316). Time\*group interaction for LDF-derived flux was significant (p=0.023), but not significant when expressed in CVC (p=0.067). Baseline LDF-derived flux and CVC were not different between groups ([table 2](#T2){ref-type="table"}).

LDF-derived flux greatly increased at the end of the plateau phase following 30 min of local heating, compared with the baseline state, in all groups (all p\<0.001, [table 2](#T2){ref-type="table"}). LDF-derived flux after 30 min of local heating was lower in DFU group than CON group (p=0.003) and DNU group (p=0.007). Statistical comparisons revealed no significant differences between groups in terms of relative increases from baseline in response to heating (p=0.427).

In keeping with the above LDF-derived flux results, there were significant increases in skin conductance in all groups following 30 min of local heating at 44°C (all p\<0.001). The skin conductance relative changes from baseline values also showed no significant differences between groups (p=0.457) (see further details in [table 2](#T2){ref-type="table"}).

[Figure 2](#F2){ref-type="fig"} shows the mean values of LDF-derived flux in 30 s bins from baseline (point a) until the end of the rapid local heating (point d) period. Two minutes after completing the rapid local heating to 44°C, each group reached a transient peak in LDF (point b, p=0.014, one-way ANOVA). This transient peak was lower in DNU than CON (102.7±33.0 PU vs 135.5±46.5 PU, p=0.029) and lower again in DFU subjects (95.5±31.2 PU vs 135.5±46.5 PU, p=0.006). Following these transient peaks, the skin flux slowly rose until it reached a plateau in CON and in the DNU groups, whereas in DFU subjects there was a transient drop (nadir, point c) in skin flux, before values rose to a plateau phase in all groups (point d, p=0.003, one-way ANOVA). The temporal pattern of LDF skin flux therefore differed between groups. The total local heating response (AUC) of LDF-derived flux was significantly different between groups (p\<0.001, one-way ANOVA), whereby DFU group (3831±358.0 PU·min, p\<0.001) and DNU group (4044±379.2 PU·min, p\<0.001) possessed lower responses compared with CON group (5141±415.7 PU·min). No differences were apparent between the DFU and DNU groups (p=0.198).

![Graph shows cutaneous red cell LDF-derived flux mean (SEM) from CON (black circle), DNU (white circle) and DFU (white rhombus) groups at rest (33°C), during rapid local heating from 33°C to 44°C and constant heating at 44°C. Point a (baseline) and point d (end of local heating) show the same time point as optical coherence tomography (OCT) scan; b: transient peak; c: nadir. A two-way repeated measures analysis of variance (ANOVA) was performed to analyze the differences of LDF-derived flux across the time from baseline until the end of local heating between groups. One-way ANOVA was performed to analyze LDF-derived flux at transient peak, nadir, and total area under the curve (AUC) heating responses. CON, control; DFU, diabetic foot ulcer; DNU, diabetic non-ulcer; LDF, laser Doppler flowmetry; PU, perfusion unit.](bmjdrc-2020-001479f02){#F2}

Baseline characteristics and the effects of local heating on OCT-derived parameters {#s3-3}
-----------------------------------------------------------------------------------

Baseline characteristics and local heating responses for OCT-derived parameters (diameter, speed, flow rate and density) for each group are summarized in [figure 3](#F3){ref-type="fig"}. Two-way repeated measures ANOVA revealed significant interaction effects for time\*group for all OCT-derived parameters and main effect for time. However, there were no significant main effects of group for any OCT-derived parameters ([figure 3](#F3){ref-type="fig"}).

![OCT-derived parameters (diameter, speed, flow rate, and density) at baseline and at the end of 30 min prolonged local heating. The local heating responses relative to their baseline are shown as % changes. Data are presented in mean (SEM). A two-way repeated measures analysis of variance (ANOVA) was performed to calculate differences between groups, before and after heating for all OCT-derived parameters. One-way ANOVA analysis was performed to analyze relative changes of all OCT-derived parameters. \#Significant difference (p\<0.001) of local heating responses from their baseline within the same group. \*Significantly different from control group at p\<0.05. \*\*Significantly different from control group at p\<0.01. †Significantly different from diabetic non-ulcer (DNU) group at p\<0.05. BL, baseline; LH, local heating; OCT, optical coherence tomography.](bmjdrc-2020-001479f03){#F3}

[Figure 1](#F1){ref-type="fig"} shows representative images of one individual's OCT-derived images from the dorsum of the foot from each group at baseline (left panel: 3A, 3C, 3E) and in response to local heating (right panel: 3B, 3D, 3F). At baseline, OCT-derived density (vessel recruitment) was higher in DFU compared with control group (21.9%±11.5% vs 14.3%±5.6%, p=0.048) ([figure 3](#F3){ref-type="fig"}), while the larger diameter apparent in the DFU group compared with CON ([figure 1](#F1){ref-type="fig"}) was not significant (p=0.07).

There were significant increases in OCT-derived diameter, speed, flow rate and density following prolonged heating in all groups (all p\<0.001, [figure 3](#F3){ref-type="fig"}). Compared with CON group (115.5±11.7 µm), OCT-derived diameters were significantly lower in the DFU group (94.3±13.4, p\<0.001). The DFU group also differed from the DNU group (106.7±12.1 µm, p=0.014). The relative changes in OCT-derived diameter from baseline in response to local heating were significantly different between groups (p\<0.001, one-way ANOVA) where the responses were much lower in the DFU group (18.8%±13.6%, p\<0.001) and the DNU group (35.8%±17.2%, p=0.044) compared with CON group (53.1%±25.1%), and the difference between the DFU and DNU groups was borderline significant (p=0.050).

Compared with the DNU group (84.6±10.0 µm/s), OCT-derived speed was slightly lower in the DFU group (78.7±8.6, p=0.051). OCT-derived relative changes in speed from baseline during heating were not significantly different between groups (p=0.077).

Compared with the CON group (908.8±228.3 pL/s, p\<0.001) and DNU group (768.8±198.4 pL/s, p=0.014), OCT-derived flow rate during local heating was lower in the DFU group (584.3±217.0 pL/s) and the difference between the CON and DNU groups was borderline significant (p=0.055). The relative changes in OCT-derived flow rate from baseline in response to local heating were significantly different between groups (p\<0.001). Compared with CON group (230.5%±128.1%), OCT-derived relative changes in flow rate from baseline in response to heating were lower in the DFU group (73.4%±51.6%, p\<0.001) and the DNU group (135.2%±55.6%, p=0.016).

Compared with the CON group (56.5±9.1, p=0.005) and DNU group (53.5%±8.0%, p=0.047), OCT-derived density during local heating was lower in DFU group (44.7%±15.0%). The relative changes in OCT-derived density from baseline in response to local heating were significantly different between groups (p=0.038). Compared with CON group (320.1%±210.6%), OCT-derived relative changes in density from baseline in response to heating were also lower in the DFU group (130.5%±89.9%, p=0.046).

Discussion {#s4}
==========

The purpose of this study was to establish the feasibility of using OCT to visualize and quantify cutaneous microvascular structure and function in people with diabetes in response to the physiological stimulus of skin heating. By recruiting people with diabetes, with and without foot ulcers, and comparing them to healthy age and sex-matched controls, we hoped to ascertain whether OCT-derived measures could distinguish between clinical populations. Our study has several important findings: (i) that differences exist between diabetic subgroups and controls in terms of resting OCT-derived visual characteristics, (ii) that local heating is a potent stimulus that increases OCT-derived outcomes such as microvessel diameter, speed, flow and density, (iii) that microvascular reserve, or capacity for microvascular functional parameters to respond to heating, is impaired in patients with diabetes, with greater impairment in those with established ulceration.

The most compelling outcome of our study was that the change in OCT-derived parameters, from resting values in response to imposed skin heating ([figure 3](#F3){ref-type="fig"}), was impaired in people with diabetes, and further attenuated in those with foot ulcers. This clear and consistent stepwise impairment, whereby CON\>DNU\>DFU across all parameters, strongly suggests that OCT is capable of discriminating between subjects with different degrees of microvascular dysfunction. The % change panels in [figure 3](#F3){ref-type="fig"} reflect differences that exist between groups in response to heating, but also in baseline data. Our careful inspection of individual data, such as the examples provided in [figure 1](#F1){ref-type="fig"}, suggests to us that important differences exist between controls and participants with diabetes at rest, as well as in response to heating. There was consistent appearance of larger highly perfused vessels in the diabetic groups at rest, but sparse appearance of smaller, possibly more nutritive, vessels. In response to heating, the perfusion of smaller vessels is clearly evident in controls, whereas in diabetic groups larger vessels remain highly perfused, with a lesser degree of small vessel engorgement. This is the first time, to our knowledge, that visualization of skin microvessels has been reported in different clinical populations and in response to physiological stimulation. Our observations are broadly consistent with the proposal that nutritive blood flows are impaired in diabetic microvascular disease, while perfusion of larger non-nutritive microvessels may be paradoxically enhanced. It is notable that resting skin temperatures were higher in the diabetic subjects (°C: DFU\>DNU\>CON), which accords with the visual OCT evidence and also with the common clinical observation that diabetic skin is 'warm'. It is also notable that LDF flux values did not reflect the pattern evident in the OCT and skin thermistor data, which highlights the limitations of this approach.

Our study was not specifically designed to examine the two prevailing paradigms pertaining to microvascular disease in people with diabetes; the capillary steal versus hemodynamic hypotheses. However, we think that future OCT-driven research, perhaps involving prospective time course studies of the progressive evolution of microvascular disease, may shed important light on pathophysiology. Another promising future opportunity is the combination of OCT visualization and quantification of in vivo functional responses alongside skin biopsy techniques. In recent studies, biopsies performed in the lower leg have revealed lower[@R28] and higher[@R29] microvascular density in diabetic versus control subjects, perhaps depending on the disease type and severity.

We used local heating because it is a simple, easily administered and safe approach to assessing abnormalities in microvessel function and structure (eg, density) in response to a common and relevant physiological stressor. In contrast to the preserved or increased values for diameter, speed, flow and density apparent at rest in diabetic subjects, responses to imposed (and identical) heating stimuli revealed consistently diminished responses in both diabetic groups, with more exaggerated impairment in the DFU group. These observations reinforce the importance of examining vascular responses to physiologically relevant stimuli in humans, in addition to obtaining quiescent data. Cutaneous vasodilation in response to local heating involves a complex integrated and redundant group of neural and intrinsic mechanisms,[@R30] including axonal reflexes[@R31] and the release of NO,[@R23] endothelium-derived hyperpolarizing factors,[@R23] and other autocrines. In healthy non-glabrous (hairy) skin, rapid non-painful local heating (up to 42°C) classically induces a bimodal response,[@R31] with an initial peak mediated by an axon reflex,[@R31] followed by a transient nadir, and subsequent plateau phase.[@R31] In this study we chose a modified local heating protocol which aimed to induce maximal vasodilation and so assess functional and structural aspects of microvascular dilation.[@R20] The impaired heating responses we observed in the DFU and DNU groups may be due to loss of neurogenic vasodilation and/or reduced synthesis of NO or other local factors. We think it will be possible in future studies, using a combination of OCT assessment and simultaneous microdialysis delivery of specific pathway antagonists,[@R33] to pharmacodissect individual pathways responsible for the regulation of cutaneous microvascular dysfunction/function in health and disease.

Reduced local heating responses in the skin of diabetic subjects have previously been observed using LDF. The maximum skin microvascular response to local heating was significantly impaired in type 1 diabetes mellitus (T1DM),[@R36] type 2 diabetes mellitus (T2DM)[@R26] and T1DM/T2DM with neuropathy and ischemic neuropathy,[@R38] compared with healthy controls. Unfortunately, this modality (and others such as LDI and TcpO~2~ monitor), along with local heating approaches, were unable to discriminate the severity of impairment in skin microvascular responses between diabetics with and without ulceration.[@R37] Furthermore, none of these studies directly observed or quantified individual structural or functional changes in microvessel beds, which we were able to achieve using our OCT approach. Ours is therefore the first study, to our knowledge, to both visualize and quantify differences in diameter, speed, flow rate and density at rest and in response to physiological stimulation in diabetic and control subjects.

Our study has several limitations. Since skin microvascular density is heterogeneous, different vascular beds may exhibit distinct responses to the local heating.[@R39] OCT imaging was obtained from a small area of skin microvessels and may not be a representative of other areas of the skin. This limitation is common to other techniques such as LDF, Near Infrared Spectroscopy (NIRS) and also to biopsy approaches. We also rendered the images in two dimensions. It is feasible that future development might enable 3D imaging. A further limitation is that our pilot study was performed in a limited sample of diabetic and control subjects. Future studies should be conducted to longitudinally assess larger cohorts of patients and to determine the utility of OCT in risk stratifying the diabetic foot, predicting outcomes and instituting early treatment. Finally, it is important to emphasize that the current OCT approach we use has poor temporal resolution and it is also impractical to use a 30 min heating protocol to assess microvascular structure and function in a working clinic. However, these issues will be overcome as OCT technology advances and it is highly feasible that more rapid heating protocols will be developed.

Conclusions {#s5}
===========

Our novel findings indicate that OCT may offer powerful insights into the pathology/physiology of microvascular diseases in humans. We have demonstrated the feasibility of directly visualizing changes in microvascular function and structure in healthy subjects and quantified abnormalities which are disease severity specific in patients with diabetes. The techniques we introduce in this study may prove useful for diagnosing early stages of microvascular disease in high-risk patients, in characterizing disease progression and assessing the efficacy of therapeutic interventions.
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